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Immunofluorescent imaging of b1- and b2-adrenergic receptors participates in the regulation of several physiologically
in rat kidney. important processes in the mammalian kidney. These
Background. b-Adrenergic receptors (b-ARs) are known include renal blood flow, glomerular filtration rate, NaCl
to participate in the regulation of glomerular filtration, NaCl reabsorption, acid-base balance, and most notably, thereabsorption, acid-base balance, and renin secretion; however,
secretion of renin from the renin-producing juxtaglomer-the precise histologic localization of b-AR at putative signaling
ular granular cells [reviewed in 1]. A number of attemptssites involved in these processes remains an open issue.
Methods. We used a set of subtype-specific rabbit antibodies have been made to elucidate further the specific role of
to visualize b1- and b2-AR in rat kidney by immunohistochemis- b-adrenergic receptors (b-ARs) in each of these proc-
try and specified cells and segments of the nephron thought esses [2–4]. In this context, the localization and tissue
to be regulated by catecholamines. In addition, the relative distribution of b-AR in the kidney have been main issuesproportion of b-AR subtypes in cortical and medullary portions
of investigation. Because antibodies suitable for immu-of rat kidney was determined by Western blotting and by com-
nohistochemistry of b-AR in tissues have not been avail-peting [125I]-cyanopindolol binding with the b1- or b2-selective
antagonists bisoprolol or ICI 118,551, respectively. able so far [reviewed in 5], such studies had to be carried
Results. Immunoreactivity for b1-AR was found in mesan- out with radiolabeled [6, 7] or fluorescent receptor li-
gial cells, juxtaglomerular granular cells, the macula densa epi- gands [8] or, more recently, by in situ hybridization [9]
thelium, proximal and distal tubular segments, and acid-secre- and/or reverse transcription-polymerase chain reaction
ting type A intercalated cells of the cortical and medullary
(RT-PCR) [10–12]. However, neither the resolution norcollecting ducts. Immunoreactivity for b2-AR was predomi-
the specificity of these techniques have been sufficientnantly localized in the apical and subapical compartment of
to determine the localization and distribution of renalproximal and, to a lesser extent, distal tubular epithelia (sug-
gesting interactions with luminal fluid catecholamines). Both b-AR at the level of functional domains, specific cell
subtypes were dense in the membranes of smooth muscle cells types, or even subcellular structures. Recently, we pro-
from renal arteries. Concordant data were obtained by radioli- duced a set of highly sensitive antibodies against b-AR,
gand binding and immunoblotting of membranes prepared which are suitable for immunohistological studies andfrom cortical and medullary portions of the kidney.
distinguishing between receptor subtypes [13]. Here, weConclusion. Our data provide an immunohistochemical ba-
used these tools to visualize b1- and b2-AR in rat kidneysis for the cellular targets of b-adrenergic regulation of renal
at a high resolution. Our data provide a precise delineationfunction. Moreover, they could help to devise therapeutic strat-
egies directed at renal b-ARs. of the histomorphological distribution of b-AR within
the kidney, specify some target cells upon which cate-
cholamines can act via these receptors, and thus might
be helpful in uncovering the specific roles of b1- andSince the early denervation experiments and pharma-
b2-AR in the regulation of renal function. They mightcological studies on whole kidney and/or isolated kidney
also contribute to a rational basis for influencing certaincells, it has been known that the b-adrenergic system
of the previously mentioned processes by pharmacologi-
cal agents targeted at renal b-AR.
Key words: immunohistochemistry, receptor-antibodies, kidney func-
tion, cell signaling, catecholamines.
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previously been published [13]. Here, we used affinity- (2200 Ci/mmol [125I]-CYP; NEN, Zaventem, Belgium).
purified antibodies directed against the aminoterminal Samples of 50 mg membrane protein were incubated (30
(extracellular) domains of human b1- or b2-AR. The re- min, 308C) each with 400 pmol/L [125I]-CYP. Nonspecific
ceptors are highly conserved between rats [14, 15] and binding was determined in the presence of 10 mmol/L
humans [16, 17] with a calculated amino acid sequence unlabeled l-propanolol. To determine the relative pro-
identity of 93% for the b1-AR and 89% for the b2-AR, portion of either b1- or b2-AR, incubations with 100 pmol/L
respectively. To control for specificity, the antibodies were [125I]-CYP were supplemented with various concentra-
preincubated (12 hours, 48C) with baculovirus-infected tions of unlabeled receptor antagonists selective for b1-
Sf9 insect cells expressing 1 to 2 3 106 intact recombinant (bisoprolol; Merck, Darmstadt, Germany) or b2-AR (ICI
b1- or b2-AR per cell [13, 18, 19]. The unbound antibodies 118,551; RBI, Deisenhofen, Germany). The reactions
remaining in the supernatant after sedimentation (900 3 g, were stopped by adding an ice-cold buffer (0.1 mol/L
48C, 10 min) of Sf9 cells expressing the corresponding Tris-HCl, pH 7.5) and rapid filtration (Whatman GF/C
b-AR subtype or not were used for these experiments. soaked in 0.3% polyethylenimine). Filter-bound radio-
Immunolabeling of b1- and b2-AR was assigned to spe- activity was measured by gamma counting. Ligand bind-
cific segments and cell types of the nephron by simultane- ing curves were fitted to the data by computer-aided non-
ous or comparative immunostaining of various marker linear regression analysis.
proteins. Calbindin (cytosolic vitamin D-dependent Ca21
binding protein) was detected with a mouse monoclonal Immunohistochemistry
antibody D-28K (Sigma, Deisenhofen, Germany). Tamm- Large structures (that is, blood vessels and glomeruli)
Horsfall protein was detected with a rabbit polyclonal were investigated in acetone-fixed kidney sections: Rat
antibody (Biotrend, Ko¨ln, Germany). Renin was de- kidneys were rapidly frozen in isopentane at 2568C and
tected by a rat antiserum, kindly provided by Professor cryostat sections of 3 to 4 mm were fixed with cold ace-
A. Kurtz (Institute of Physiology, University of Regens- tone (4 min, 2208C). To investigate tubular structures,
burg, Germany). Polyclonal rabbit antibodies against the the kidneys were fixed in situ by formaldehyde perfusion,
endothelial nitric oxide synthetase were obtained from which provides a better preservation of the cell struc-
Professor H. Schmidt (Institute of Pharmacology, Uni- tures. The kidneys of anesthetized rats were perfused
versity of Wu¨rzburg, Germany). A mouse monoclonal through an aortic cannula (placed below the level of
antibody directed against synaptopodin was a gift from the kidneys), first with 4% formaldehyde in phosphate-
Dr. P. Mundel (Albert Einstein College, New York, NY, buffered saline (PBS) for five minutes followed by 0.8
USA). Specificity of a polyclonal rabbit antibody against mol/L sucrose in PBS for another five minutes. Subse-
rat anion exchanger 1 (band 3 protein) has been pub-
quently, the kidneys were removed and treated as de-lished elsewhere [20].
scribed previously in this article. Fixed kidney sections
were rinsed three times with ice-cold PBS, blocked (30Western blots analysis
min, 218C) with PBS containing 4% bovine serum albu-The kidneys of anesthetized male Sprague-Dawley
min (BSA), and 2% normal goat serum (Sigma), andrats (350 to 400 g) were removed and dissected into
incubated (12 h, 48C) with affinity-purified receptor anti-cortical, outer, and inner medullary portions. The differ-
bodies diluted 1:200 in PBS containing 2% BSA and 2%ent portions were homogenized in ice-cold buffer [10
goat serum. After thorough rinsing with PBS, tissue-mmol/L K2HPO4, 1 mmol/L ethylenediaminetetraacetic
bound antibodies were detected with appropriate spe-acid (EDTA), 1 mmol/L EGTA] containing various pro-
cies-specific secondary antibodies (Dianova) conjugatedtease inhibitors (5 mg/mL leupeptine, 1.5 mmol/L ben-
to CY3 or CY2 (diluted 1:800 or 1:400, respectively).zamidine, 200 U/mL aprotinine, 2 mg/mL pepstatine A).
After rinsing again with PBS (3 times 10 min, 218C), theSamples of 60 mg membrane protein of each of these
slides were mounted in mowiol (Sigma) and inspected atportions were analyzed by Western blot using affinity-
200- to 630-fold magnification under an epifluorescencepurified rabbit antibodies against b1- or b2-AR diluted
microscope (Carl Zeiss, Oberkochen, Germany). Images1:1000 [13]. Immunoreactive bands were visualized by
were photographed with Kodak TMAX 400 black andhorseradish peroxidase-conjugated secondary antibodies
white negative films. High-resolution images of cellular(diluted 1:5000; Dianova, Hamburg, Germany) and en-
structures were obtained with a cooled CCD camerahanced chemiluminescence (ECL; Amersham, Little
(Sensys, Photometrics, Mu¨nchen, Germany) equippedChelford, UK). Baculovirus-infected Sf9 insect cells ex-
with an additional fourfold magnification lens, giving apressing recombinant b1- or b2-AR served as controls
final magnification of 2520-fold.[13, 18, 19].
StatisticsRadioligand binding
Radioligand-binding experiments were analyzed byAll binding experiments were performed using the
nonselective b-AR antagonist [125I]-iodocyanopindolol computer-aided nonlinear regression analysis (LIGAND-
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Table 1. Binding of b-adrenergic receptor ligands to membranes prepared from rat kidney
Ligand binding sites (fmol/mg) %
Receptor Kib
Ligand subtypea nmol/L Cortex Outer medulla Inner medulla
[125I]-CYP b1 1 b2 ND 45.562.2 (53%) 33.361.2 (39%) 7.561.8 (8%)
Bisoprolol b1 7.3 30.961.4 (56%) 24.261.1 (44%) ND
b2 2100 14.660.7 (62%) 9.160.5 (38%) ND
b1:b2 — 68%:32% 73%:27% ND
ICI 118,551 b1 199 29.161.1 (55%) 23.361.1 (45%) ND
b2 0.3 16.460.8 (63%) 9.960.7 (37%) ND
b1:b2 — 64%:36% 70%:30% ND
The concentration of b-AR in membranes prepared from the indicated portions of rat kidney was determined by [125I]-CYP binding. The relative proportions of
b1 and b2-AR were determined by radioligand binding competition experiments using unlabeled b1- (bisoprolol) or b2-selective antagonists (ICI 118,551). The resulting
biphasic displacement curves allowed to determine a high- and low-affinity component for each b-AR subtype [25, 26]. The data given are the mean 6 SD of three
experiments; ND, not determined.
a Deduced from the proportion of high- and low-affinity binding
b Derived from nonlinear regression analysis of [125I]-CYP-displacement curves
program) [21]. All data are given as mean 6 SD. Where with a high- and a low-affinity component, which is in
perfect agreement with previous radioligand bindingquantitative statistics could not be applied (immunoflu-
orescence and immunoblotting), the examples given are studies on rat tissues [25, 26]. The relative proportions
of b1- and b2-AR derived from these curves differedrepresentative of at least three independent experiments
done on different days and with kidneys obtained from slightly between cortex (b1:b2 < 65:35%) and medulla
(b1:b2 < 70:30%; Table 1), with both subtypes beingdifferent animals. Unless otherwise stated, fluorescent
images are representative of the respective area of a more frequent in cortical (b1 5 56% and b2 5 62%)
than in medullary membranes (b1 5 44% and b2 5 38%;section inspected in at least ten separate fields of view.
The schemes given throughout this article depict simpli- Table 1). It should be noted that within a same kidney
zone, similar proportions of b1- and b2-AR were obtainedfied nephrons not drawn to scale (modified from Kriz and
Kaissling [22]) and do not represent the exact anatomy of with bisoprolol and with ICI 118,551.
From the subtype-specific receptor antibodies thatthe rat nephron (that is, short looped vs. long looped).
were raised against selected extramembraneous domains
of the human b1- or b2-AR [13], those directed against theRESULTS
amino-terminal domains exhibited the highest degree of
Characterization of b1- and b2-adrenergic receptors in specificity and subtype selectivity in cell systems express-
rat kidney by radioligand binding and immunoblotting ing recombinant human b-AR. Since these domains are
highly conserved between humans [16, 17] and ratsTo define our experimental system, we determined the
amount and subtype distribution of b-ARs in rat kidney [14, 15], we expected that these antibodies would be
suitable for immunohistological studies on rat tissues.by conventional radioligand binding. For this purpose,
we separated cortical, outer, and inner medullary por- However, before embarking on such studies, this as-
sumption was tested by probing Western blots of mem-tions of the kidney by macroscopic dissection, isolated
the cell membranes from these portions, and measured branes prepared from cortical and medullary portions
of rat kidney. Antibodies against the b1-AR (anti–b1-AR)the overall concentration of membrane-bound b-AR by
using the nonselective receptor antagonist [125I]-cyano- labeled a single protein band with an apparent size of
68 kD (Fig. 1, lanes 1 through 3), which is in good agree-pindolol. In agreement with previous reports [7, 23], we
observed the highest density of b-AR in cortical mem- ment with the molecular mass deduced from the amino
acid sequence of the rat b1-AR [14], when taking intobranes (53%) and somewhat lower receptor densities
in membranes prepared from the outer medulla (39%; account some variations in electrophoretic mobility
caused by glycosylation [27]. The apparent decrease inTable 1). Because only a rather faint amount of b-AR
was found in the inner medulla (8%), in this portion, signal intensity from the cortex to the inner medulla is
in good correlation with the receptor densities in thea further subtyping of the receptors was not meaning-
ful. In the cortex and outer medulla, the proportion of corresponding kidney zones determined by radioligand
binding (Table 1) and reflects the different expressionb1- and b2-AR subtypes was determined by competing
[125I]-cyanopindolol binding with unlabeled subtype- of this receptor subtype in the corresponding kidney
zones. Antibodies against the b2-AR (anti–b2-AR) la-selective receptor antagonists, that is, using bisoprolol
for the b1-AR [24] and ICI 118,551 for the b2-AR sub- beled a protein band of slightly higher mobility (Fig. 1,
lanes 6 through 8), which is also plausible in the lighttype, respectively. In each case, there were biphasic dis-
placement curves suggestive of a two-sited binding model of the (slightly shorter) amino acid sequence of the rat
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munoreactivity of smooth muscle in a consecutive sec-
tion was largely abolished by preadsorption with recom-
binant b1-AR expressed in Sf9 insect cells (Fig. 2b). At
higher magnification, the antibody label was seen to be
mainly confined to small dot-like structures located at
the cell surface (Fig. 2d, arrows), which corresponds to
the b-AR staining pattern previously observed in cul-
tured human epidermoid carcinoma A 431 cells [13].
Vascular smooth muscle cells were also stained by
Fig. 1. Immunoblots of b1- and b2-adrenergic receptors (b1- and b2-AR)
anti–b2-AR (albeit somewhat less intense; Fig. 2c), andin rat kidney. Membranes prepared from cortical (lanes 1 and 6), outer
medullary (lanes 2 and 7), and inner medullary (lanes 3 and 8) portions this staining could likewise be abolished by preadsorp-
of rat kidney were subjected to Western blotting and probed with tion with recombinant b2-AR (data not shown).antibodies against b1-AR (lanes 1 through 5) or b2-AR (lanes 6 through
Glomeruli. By immunohistochemistry, several loca-10). Bound antibodies were detected by horseradish peroxidase-conju-
gated secondary antibodies and enhanced chemiluminescence. Mem- tions within and adjacent to the glomerulus could be
branes prepared from Sf9 cells expressing recombinant b1- (49 kD; lane identified, where b1-AR appeared to be clustered: a very4 and 10) or b2-AR (47 kD; lane 5 and 9) served as specificity controls
strong immunostaining by anti–b1-AR was observed in(note that receptor glycosylation is known to be different and heteroge-
nous in Sf9 insect cells) [13, 27]. Apparent molecular sizes (kD) are the juxtaglomerular portion of the afferent arteriole (Fig.
denoted on the right margin. 3a). These immunofluorescent signals could be clearly
assigned to the renin-producing juxtaglomerular granu-
lar cells themselves by staining of serial sections with
renin-antibodies (Fig. 3, compare circled areas in a andb2-AR [15] when taking protein glycosylation into ac-
b). In addition, b1-AR appeared to be densely expressedcount. In this context, it should be noted that b-AR are
in the walls of arterioles entering the glomeruli, whichknown to be less glycosylated when expressed in Sf9
could be assigned to the afferent arterioles by their inter-insect cells [13, 18], giving protein bands with apparent
nal elastic membrane (visible by green autofluores-sizes of 51 and 47 kD for the recombinant human b1-
cence). Anti–b1-AR also highlighted banded structuresand b2-AR, respectively (Fig. 1, lanes 4 and 9). These
in the glomerular tuft, which seemed to be interspaceddata indicated that these antibodies did recognize rat b1-
between the capillaries (Fig. 4a, c, e, g, i). These signalsand b2-AR, and thus they appeared to be suitable for
seemed to be specific for b1-AR in as much as they couldan immunohistological study on rat kidney.
be abolished by preadsorption with recombinant b1-AR
Immunolocalization of b1- and b2-adrenergic receptors (Fig. 4, compare c and d). Such structures were not la-
in rat kidney beled by anti–b2-AR (Fig. 4, compare a and b), which
reacted with only certain tubular structures adjacent toProcedural strategy. Initial experiments were carried
the glomerulus, as will be discussed later. Moreover,out on cryostat sections (3 to 4 mm) of rat kidney, which
the banded pattern of b1-AR in the glomerular tuft waswere subsequently fixed with acetone. Staining of such
clearly different from that obtained with antibodiessections with antibodies against b-AR led to a bright and
against endothelial nitric oxide synthetase (eNOS) as adistinct labeling of vascular and glomerular structures,
specific marker of capillaries (Fig. 4, compare e with f)which could readily be interpreted at the cellular level.
and could not be assigned to podocytes by counter-Certain tubular structures within the cortical and medul-
staining with synaptopodin antibodies (Fig. 4, comparelary nephron segments were also labeled by the antibod-
g with h). Considering that within the glomerular tuft,ies, but were not sufficiently conserved for an interpreta-
only three cell types are found (endothelial cells, podo-tion at the cellular level. Immunohistochemistry of these
cytes, and mesangial cells) [22] and that the signal ob-structures had to be carried out on sections of kidneys
tained with anti–b1-AR could not be associated withfixed in situ by formaldehyde perfusion. However, in
endothelial cells or with podocytes, most likely it is asso-such perfusion-fixed sections, the staining of vascular
ciated with mesangial cells. This argument is further sup-and glomerular structures was generally much less in-
ported by high resolution images of the glomerular capil-tense, most likely because these tissue compartments are
lary tuft (Fig. 4i, k), suggesting that b1-AR are situatedmore strongly fixed by vascular perfusion than extravas-
in the membranes of mesangial cells that are clusteredcular tissues.
in the intercapillary space and extend processes joiningBlood vessels. The cell types most brilliantly stained
the capillary walls. Most likely, the latter structures cor-by antibodies against b1- and b2-AR in rat kidney sections
respond to mesangial cell processes extending towardwere the smooth muscle cells in the walls of large blood
the peripherally located capillaries (Fig. 4, compare ivessels. Figure 2a shows a representative oblique section
through an arcuate artery stained with anti–b1-AR. Im- and k).
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Fig. 2. b1- and b2-AR in large renal arteries.
Consecutive sections (3 mm) of rat kidney
were fixed with acetone, incubated with anti-
bodies against b1- (a, b, and d) or b2-AR (c)
and counterstained with CY3-labeled second-
ary antibodies. Specificity of the staining was
confirmed by preadsorption with recombinant
b-AR expressed in Sf9 cells (b). Images focus
on the same arcuate artery of the renal cortex
in consecutive sections. The enlargement (d)
demonstrates the dot-like distribution pattern
of b1-AR in the membranes of smooth muscle
cells (arrows).
Proximal convoluted tubule. Proximal convoluted tu- were probed (data not shown). Apical membranes of rat
duodenum were not labeled by anti–b2-AR, thus con-bules (PCTs) in proximity and/or in direct connection
to the glomerulus (that is, the tubular S1/2 segments) firming the specificity of the staining obtained with our
antibodies. Anti–b1-AR gave a weak dot-like stainingwere distinguished from distal tubular segments by the
absence of calbindin (Fig. 5b). Among these tubules, pattern on both basolateral and apical membranes of
PCT cells, but the highest amount of b1-AR appearedwe obtained only a weak staining with anti–b1-AR, but
rather strong signals with anti–b2-AR (Fig. 5a), which to be concentrated within the subapical endocytotic com-
partment (Fig. 5e), probably corresponding to internal-decreased gradually within the S3 segment (proximal
straight tubule, located in the deep portion of the medul- ized (apical) receptors, as will be discussed later. Taken
together, it appears that the proximal tubular epithelialary rays) and in the outer stripe of the outer medulla
(OS OM; Fig. 5c). At high resolution, it can be seen that in rat kidney are dominated by b2-AR rather than b1-
AR and that these receptors are preferentially locatedthe labeling by anti–b2-AR was clearly more pronounced
at the apical (that is, at the base of the epithelial brush in the apical and subapical compartment of PCT cells
[which is in agreement with recent functional studiesborder and within the subapical endocytotic compart-
ment; Fig. 5d) compared with the basolateral pole of on isolated rat proximal tubular epithelial (PTE) cells]
[28, 29].PCT cells (Fig. 5e). The staining appeared to be highly
specific because it could be preadsorbed with recombi- Thick ascending limb of Henle’s loop (TAL segment)
and macula densa. Figure 6 shows a section through thenant b2-AR (Fig. 5g), but not b1-AR (Fig. 5f). To exclude
a nonspecific reactivity of anti–b2-AR with microvilli, border area between renal cortex and the OS OM (Fig.
6 a and e for orientation markers). Three different neph-Western blots and histologic sections of rat duodenum
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Fig. 3. Colocalization of b1-AR and renin in
the juxtaglomerular region. Consecutive sec-
tions (3 mm) of rat kidney were fixed with
acetone, incubated with antibodies against
b1-AR (a) or renin (b), and counterstained
with CY3-labeled secondary antibodies. Im-
ages focus on an afferent arteriole entering its
parent glomerulus. The renin-producing jux-
taglomerular granular cells in the wall of the
afferent arteriole are shown in the circle (R).
ron-segments are depicted: (1) the proximal tubules, Distal convoluted and connecting tubules. Distal seg-
ments of the nephron were identified by calbindin to allowwhich were strongly labeled by anti–b2-AR, as already
described previously (Fig. 6d), (2) the thick ascending for a differentiation between distal convoluted tubule
(DCT; light and uniform staining) and connecting tubuleslimb (TAL) segments identified by the expression of
Tamm-Horsfall protein [30] (Fig. 6c), and (3) the distal (CNT; strong staining, but interspersed with unstained
intercalated cells) [31, 32]. Figure 8a and b show that thenephron segments (that is, the distal convoluted and the
connecting tubules), which are labeled by calbindin (Fig. b1-ARs colocalize with calbindin throughout the section.
At a higher resolution, it can be seen that in the CNT6b) and also strongly labeled by anti–b1-AR (Fig. 6a).
The TAL seems to be devoid of b2-AR (Fig. 6, com- (as opposed to the DCT), anti–b1-AR stained not only
the calbindin-positive principal cells, but also the apicalpare c and d), whereas b1-ARs show an inhomogeneous
pattern of distribution within this nephron segment: The rather than basolateral membranes of the calbindin-neg-
ative intercalated cells (Fig. 8a, b, bottom half, arrows).medullary portions of the TAL (Fig. 6a, bottom, OS
OM) were not stained, whereas the cortical portions Specificity of the b1-AR staining was confirmed as al-
ready described (Fig. 8a, bottom half, insert). In contrast,were fluorescence positive (Fig. 6a, top, arrows), albeit
somewhat less intense than the distal nephron segments. no significant amounts of b2-AR could be detected in the
CNT, and only a very faint amount of b2-AR appeared toMost notably, a dense cluster of b1-AR staining was
observed at sites of contact between the TAL segment be expressed in distal convoluted tubular epithelia [Fig.
8c (b2-AR) and Fig. 8d (calbindin), arrowheads].and the vascular pole of the glomerulus (corresponding
to the macula densa). Figure 7 focuses on the plaque The collecting duct system was identified by its irregu-
larly shaped lumina. Figure 9a shows a collecting ductof the macula densa adjacent to the extraglomerular
mesangium; at the site of contact, the cells of the luminal in the renal cortex strongly labeled by anti–b1-AR. Fig-
ure 9b shows the staining of a consecutive section withmembrane of the TAL segment lack Tamm-Horsfall pro-
tein (Fig. 7b, arrows) and thus are characterized as mac- antibodies against the basolateral erythroid band 3 Cl2/
HCO23 exchanger, which is a specific marker of acid-ula densa cells [30]. The corresponding immunofluores-
cent image of b1-AR (Fig. 7a) shows a clustered excreting type A intercalated cells (whereas the base-
excreting type B intercalated cells lack band 3 protein)appearance of the receptors in the same cells. At high
resolution (Fig. 7a, insert), the expression of b1-AR [33, 34]. Upon comparison of Figure 9 a and b, it can
be seen that most of the cells constituting the corticalseems to be restricted to the apical surface of the macula
densa cells. Figure 7c (b2-AR) and Figure 7d (Tamm- collecting duct (CCD) are positive for b1-AR (with vary-
ing intensity), whereas only a fraction of these cells areHorsfall protein) attest to the fact that the macula densa
cells were not stained by anti–b2-AR (single arrow). also labeled by the anti-band 3 protein antibody. Inter-
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Fig. 4. Assignment of b1- and b2-AR to glo-
merular cell types. Each line shows the same
glomerulus in two consecutive sections (3 mm)
of rat kidney fixed with acetone. One section
of each horizontal pair was incubated with
anti–b1-AR and is shown on the left (a, c, e,
g, and i). The corresponding section on the
right was incubated with anti–b2-AR (b),
anti–b1-AR preadsorbed with recombinant
b1-AR from Sf9 cells (d, specificity control),
antibodies against endothelial NO synthetase
( f ), or antibodies against synaptopodin (h).
The preparations were counterstained with
CY3- (a–g) or CY2-labeled (h) secondary an-
tibodies. At high magnification (i), it can be
seen that the b1-AR staining appears to be
restricted to mesangial cells [M] located in the
intercapillary space, which are characterized
by cell processes [P] that extend toward the
capillaries [C]. The simplified scheme on the
right (k, modified after [71]) shows three glo-
merular capillaries [C] attached to the cen-
trally located mesangium. The podocytes and
the endothelium are shown in white. The glo-
merular basement membrane is depicted in
black, and the mesangial cell in dark gray (with
a cell matrix-containing fibrillar structures).
Tongue-like mesangial cell processes [P] form
connections between the glomerular base-
ment membrane at two opposing mesangial
angles.
estingly, in the preceding paragraph, we described the also comprise the acid-excreting type A cells. When
viewing the outer (Fig. 9c) and inner medullary collectingexpression of b1-AR at the apical pole of intercalated
cells in the CNT, where in rat kidney more than 90% ducts (IMCD; Fig. 9d), the fraction of cells that express
the b1-AR decreases successively. A more precise analy-represent type A cells [35]. Thus, it seems likely that the
fraction of b1-AR–positive intercalated cells in the CCD sis of the colocalization of b1-AR (Fig. 10a) and band 3
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Fig. 5. Localization of b2-AR in the proximal
tubules. Sections (4 to 5 mm) of the outer and
inner cortex were obtained from rat kidneys
fixed in situ by perfusion with formaldehyde.
The top row shows a double staining of the
outer renal cortex with antibodies against
b2-AR (a; tubular S1/2 segments; PCT, proxi-
mal convoluted tubule; G, glomerulus) and
calbindin (b; DCT, distal convoluted tubule).
In the inner cortex (c; tubular S2/3 segments,
transition between cortex and outer stripe of
the outer medulla, OS OM), the b2-AR stain-
ing decreases gradually along the proximal
straight tubules (S3 segment). At high resolu-
tion (d), it can be seen that the b2-ARs are
preferentially expressed in the apical mem-
branes of the cells constituting the proximal
convoluted tubule, whereas only a faint
amount of b2-AR can be detected in the baso-
lateral membranes. At the same scale, section
(e) demonstrates the distribution of b1-AR in
PCT cells, with the highest receptor concentra-
tion in the subapical endocytotic compartment.
( f and g) Consecutive sections of the cortex
stained with anti–b2-AR after preadsorption
with recombinant b1- (f) or b2-AR from Sf9
cells (g, specificity control).
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Fig. 6. Localization of b1- and b2-AR in the
thick ascending limb (TAL). Sections (4
through 5 mm) were obtained from perfusion-
fixed rat kidneys. The top row shows a double
staining with antibodies against b1-AR (a) and
calbindin (b). The same area in two consecu-
tive sections was stained with antibodies
against Tamm-Horsfall protein (c) and b2-AR
(d), which were detected by CY3- (a, c, and
d) or CY2-labeled (b) secondary antibodies.
Images focus on the cortical and medullary
TAL. Arrows in (a) and (c) highlight the posi-
tion of b1-AR in cortical TAL segments that
are also positive for Tamm-Horsfall protein
(c). The dotted line in (a) represents the bor-
der between the cortex and the outer stripe
of the outer medulla (OS OM). (e) This corre-
sponds to (a) with inversed colors and indi-
cates the various nephron segments seen in
the section that was positioned as schematic-
ally shown in ( f ). Abbreviations are as fol-
lows: G, glomerulus; MD, macula densa; PCT,
proximal convoluted tubule; PST, proximal
straight tubule; TAL, thick ascending limb;
and DCT, distal convoluted tubule.
protein (Fig. 10b) in consecutive sections of a medullary DISCUSSION
collecting duct shows that in this subsegment, only the Technical considerations
acid-excreting type A intercalated cells are stained by Since the first reports on a direct innervation of the
anti–b1-AR. At higher magnification, again it can be kidney by sympathetic nerves, evidence has accumulated
seen that the expression of b1-AR appears to be more that b-AR might play an important role in the regulation
pronounced at the apical (luminal surface and subapical of renal function [1, 4]. Both the b1- and the b2-subtype
endocytotic compartment) than at the basolateral pole of these receptors, but not b3-AR, have been found in
of these cells (Fig. 10c, IC). By using the anti–b2-AR the cortex and medullary portions of the kidney [10, 12].
antibody, only a very small amount of b2-AR could be However, the question of where precisely these receptors
detected in the collecting duct system (data not shown). are located within the different segments and functional
Fluorescent signals were clearly more pronounced in cell units of the nephron has not yet been answered in
medullary than in cortical segments, with the highest a definite manner. Here, we used a set of highly sensitive
receptor density in the IMCD. Again, not all of the cells and subtype-specific receptor antibodies to analyze the
present in this segment were labeled by the antibody. localization of renal b1- and b2-AR by immunohisto-
However, even in the IMCD, the signal intensities were chemistry [13]. Most of our findings are compatible with
too low to allow for a further differentiation of the spe- those obtained in the past by other techniques, including
radioligand binding [23, 26], radioligand autoradiogra-cific cell types stained by anti–b2-AR.
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Fig. 7. Expression of b1- and b2-AR in the
macula densa region. Sections (4 to 5 mm)
of perfusion-fixed rat kidney were incubated
with antibodies against b1- (a) or b2-AR (c).
Corresponding areas in consecutive sections
stained with antibodies against Tamm-Hors-
fall protein are shown in (b) and (d), respec-
tively. Bound antibodies were detected by
CY3-labeled secondary antibodies. Arrows in-
dicate the position of macula densa cells lacking
the Tamm-Horsfall protein. The insert in (a)
provides an example of the punctate b1-AR
staining in the apical membrane of a macula
densa cell attached to the extraglomerular
mesangium at higher magnification.
phy [6, 7], and RT-PCR [10–12]. However, in this con- ceptor localization (Fig. 11). Thus, our data might con-
tribute to further elucidation of the role of each b-ARtext, it should be mentioned that (1) the respective
subtype in the regulation of renal function.amount of b-AR mRNA does not necessarily reflect the
amount of intact receptor protein in a particular tissue
b1-Adrenergic control of renin release, sodiumprobe, and that (2) RT-PCR requires microdissection of
reabsorption, and glomerular filtration at thethe tissue, which precludes direct imaging of b-AR in
juxtaglomerular apparatussitu. Although the sensitivity of the immunohistological
approach is generally inferior to that of several other In agreement with previous studies [2, 7], we found a
high amount of b-AR in the glomerulus and the sur-(most notably molecular) techniques, our results clearly
indicate that it is much more precise in determining re- rounding region. The glomerulus and juxtaglomerular
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Fig. 8. Localization of b1- and b2-AR in the
distal convoluted (DCT) and connecting tu-
bules (CNT). Sections (4 to 5 mm) of perfusion-
fixed rat kidney were incubated with antibodies
against b1- (a) or b2-AR (c). Corresponding
double stains with calbindin antibodies are
shown in (b) and (d), respectively. The insert
in (a) shows consecutive sections of rat DCT
incubated with anti–b1-AR after preadsorp-
tion with recombinant b2- (top) or b1-AR (bot-
tom; specificity control). Bound IgG was coun-
terstained with CY2- (b and d) or CY3-labeled
(a and c) secondary antibodies. Arrows in (a)
and (b) highlight the position of b1-AR in inter-
calated cells lacking calbindin. Arrowheads in
(c) point to the small amount of b2-AR de-
tected in the membranes of DCT cells. The
strong fluorescence in (c) corresponds to the
staining of b2-AR in the proximal convoluted
tubule. Abbreviations are as follows: G, glo-
merulus; IC, intercalated cell.
apparatus are considered as cooperating structures in- [39]. In addition, here we show that the macula densa
cells and the premacula densa TAL cells near the maculavolved in the regulation of systemic blood pressure.
Strikingly, we found a selective expression of b1-AR in densa express significant amounts of b1-AR. This finding
agrees with previous data obtained by RT-PCR [10] andalmost all of the effector cells of this regulatory unit,
suggesting that this receptor subtype might play an im- the results of a functional study on mouse TAL [40],
demonstrating that in this highly innervated particularportant role in the renal regulation of blood pressure.
Renin secretion and distal NaCl reabsorption. It is nephron segment [41], catecholamines increase the ac-
tive transport of sodium from the luminal side to theknown that the b-adrenergic system is involved in the
stimulation of renin release [4, 36]. High levels of b1-AR interstitium. Thus, by decreasing the NaCl concentration
at the macula densa, the b-adrenergic system might alsoin the renin-producing juxtaglomerular granular cells
suggest that these cells are directly activated by catechol- contribute indirectly to the macula densa mechanism of
renin release.amines. However, some previous findings point to the
macula densa as another important site for the modula- Glomerular perfusion and filtration. Vasoactive agents
(that is, angiotensin, prostaglandins, and catecholamines)tion of renin secretion [36–38]. Renin is rapidly released
in response to a decreased (luminal) NaCl concentration may decrease the effective glomerular filtration area by
reducing blood flow to certain capillary loops [42]. Inat the macula densa, which in turn is regulated by sodium
reabsorption processes occurring in the premacula densa addition, it has been shown that both the glomerular
ultrafiltration coefficient and the surface area of glomer-TAL. Functionally, the macula densa serves as a sensor
of luminal NaCl: concentration-dependent NaCl uptake ular capillaries decrease substantially upon systemic ap-
plication of isoprenaline [3, 42]. These effects of isopren-through the Na1/K1/2Cl2 cotransporter in the apical
membrane of the macula densa cells initiates a sequence aline have been attributed to a contraction of glomerular
mesangial cells in response to b-AR–mediated stimula-of events that regulates afferent arteriolar tone by alter-
ing the local balance of vasoconstrictors (angiotensin tion of local mesangial renin activity and subsequent
intrarenal angiotensin II generation [3, 43]. On the otherII) and vasodilators (NO), and thereby the glomerular
filtration rate (referred to as tubuloglomerular feedback) hand, isoproterenol-mediated increases in intracellular
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Fig. 9. Localization of b1-AR in the collect-
ing duct. Sections of perfusion-fixed rat kidney
were incubated with antibodies against b1-AR
(a, c, and d) or band 3 protein (b). Representa-
tive fluorescent images of cortical (a and b),
outer (c), and inner medullary (d) collecting
ducts were obtained after counterstaining with
CY3-labeled secondary antibodies. The sim-
plified schemes on the right margin indicate
the respective position of the different sections.
The insert in (d) shows the staining pattern
obtained after preadsorption of anti–b1-AR
with recombinant b2- (top) or b1-AR (bottom;
specificity control).
cAMP result in decreased in myosin light-chain phos- b-Adrenergic control of NaCl reabsorption in the
phorylation and tension development in mesangial cells proximal tubule
[44], indicative of cellular relaxation. Here, we show Whereas the presence and function of a-adrenergic
that these specialized smooth muscle-like cells are richly receptors in rat proximal tubules have been demon-
endowed with b1-AR, suggesting that this receptor sub- strated by various means [45–47], the presence and role
type might be critically involved in the contraction/relax-
of b-AR in this particular nephron segment have beenation balance of mesangial cells. Moreover, a high den-
controversial for a long time [45, 48–50]. This was par-sity of b1-AR in the afferent arterioles and in the smooth
tially due to considerable interspecies differences, but alsomuscle cells of the larger renal arteries could be demon-
to major differences in the techniques and/or methodsstrated. Thus, b1-adrenergic regulation might be envi-
employed. Microperfusion studies on rabbit proximal tu-sioned to modulate the glomerular filtration area (via
bules provided evidence that, in this species, b-receptormesangial cells), perfusion of the glomerulus (via affer-
agonists stimulate volume flux and induce depolarizationent arterioles), and perfusion of the kidney as a whole
(via larger renal arteries). in a cAMP-independent manner [49, 51]. In rat proximal
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Fig. 10. Localization of b1-AR within type A
intercalated cells of rat collecting duct. At a
high magnification of consecutive sections of
the medullary collecting duct stained with an-
tibodies against the b1-AR (a and c) or the
band 3 protein (b), it can be seen clearly that
only type A intercalated cells (with band 3
protein situated in the basolateral cell mem-
brane) express a significant amount of b1-AR.
The enlargement (c) demonstrates that the
large majority of the b1-AR is clustered in the
apical membrane and the subapical endocy-
totic compartment of the intercalated cell. Ab-
breviations are: IC, intercalated cell; PC, prin-
cipal cell.
tubules, such effects have been attributed to a-adrener- compartment of PCT cells (Fig. 6e). Whereas the specific
coupling of b1-AR in rat proximal tubules still remains togic receptors [52–54]. However, more recently, the pres-
ence of b-AR on isolated rat PTE cells could be demon- be elucidated, b2-AR activity has been shown to be trans-
duced by a cAMP-independent cellular signaling pathwaystrated by radioligand binding. Functional studies on the
same cells indicated that at least a fraction of these b-AR that acts on both apical Na1/H1 exchange and basolateral
Na1,K1-ATPase activity [28, 29]. However, because mostwere coupled to an as yet not thoroughly characterized
cAMP-dependent cellular signaling pathway [55]. These of the functional studies were done on cultured rat PTE
cells, the precise localization of the corresponding signal-effects appeared to be mediated via b1-AR localized on
both apical and basolateral cell surfaces [55]. However, ing interface in relationship to the polarity of these cells
in vivo remains to be demonstrated. Here, we detectedsignaling via apical b1-AR required cytoskeletal-depen-
dent endocytosis prior to activation of the basolaterally high levels of b2-AR in situ that were clearly more pro-
nounced in apical rather than basolateral membranes oflocalized adenylate cyclase, which might explain our im-
munohistochemical results demonstrating a considerable rat proximal tubular epithelia. These findings agree with
recent functional data obtained on cultured rat PTE cellsamount of b1-AR clustered in the subapical endocytotic
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Fig. 11. Simplified scheme indicating the ma-
jor locations of b1- and b2-AR in rat nephron,
as determined by immunohistochemistry. Sig-
nificant amounts of b1-AR were found in renin-
producing juxtaglomerular granular cells (in
the wall of the afferent arteriole), mesangial
cells, proximal tubular cells, cortical TAL seg-
ments (including the macula densa cells), all
portions of the distal tubular nephron segments,
and the intercalated cells of the collecting duct
system (depicted as dark dots). b2-ARs were
found in the membranes of proximal tubular
epithelia and, to a lesser extent, in the distal
convoluted tubules and the medullary collect-
ing ducts.
demonstrating that (1) selective stimulation of b2-AR b1-Adrenergic receptors in the distal segments
of the nephronwith metaproterenol increases both apical Na1/H1 ex-
change and basolateral Na1,K1-ATPase activity, and (2) In agreement with previous data obtained by radioli-
that these effects are most probably mediated through gand binding and autoradiography [6, 7, 12], we demon-
apical rather than basolateral b2-AR [29]. strate here that b1-ARs are predominant in all distal
The S1 (and S2) segments of the PCT are known to segments of the rat nephron. Again, the expression of
be less densely innervated [56]. Therefore, it has been this subtype was more pronounced at the apical surface
of the cells forming the DCT. In the CNT, a similar levelsuggested that catecholamines gain access to their recep-
of b1-AR was found in the membranes of both cell typestors on the tubular epithelia mainly via the cellular inter-
that constitute this segment, that is, the principal cellsstitium and/or the circulation [1, 52], suggesting a pre-
and the intercalated cells, whereas in the initial portionsdominance of basolaterally localized b-AR. However,
of the CCD the b1-AR seemed to be expressed preferen-our study shows that an important fraction of b1-AR and
tially in the intercalated cells. We also identified somethe large majority of b2-AR are located in the apical cell
b2-AR in the membranes of DCT cells, but neither inmembrane. One possible explanation for this peculiar
the CNT nor in the initial portions of the CCD wasorientation would be that the receptors are meant to
a significant amount of this receptor subtype detected.interact with catecholamines gaining access to the tubu-
Previous studies on cell lines derived from the DCTlar fluid. This assumption is supported further by phar-
suggest that the b-AR of these cells are functionallymacological studies on rat kidney, which have clearly
coupled to the adenylate cyclase and stimulate sodiumshown that apical tubular surfaces are exposed to cate-
reabsorption [12]. Moreover, direct innervation of the
cholamines (and their methylated derivatives) either
distal tubule has been demonstrated [1, 58], suggesting
through glomerular filtration or through direct secretion that the b-ARs in these segments are stimulated by cate-
of these substances by organic cation transporters from cholamines released from synapses. However, in addi-
the peritubular capillaries into the tubular luminal fluid tion to the predicted basolateral localization, our study
[52, 53, 57]. In addition, from functional studies on iso- shows that the majority of these receptors appear to be
lated rat PTE cells, it was concluded that cellular signal- expressed in the apical membranes of DCT cells, which
ing through apical b-AR is strictly mediated by the apical again leads to speculations about a functional relevance
b-AR themselves rather than by paracellular ligand leak of tubular fluid catecholamines.
or transcellular ligand transport [55]. Taken together, it
b-Adrenergic receptors in the collecting duct systemseems conceivable that both apical b1- and b2-AR are
involved in the regulation of the NaCl and fluid balance High amounts of b1-AR were found in the collecting
duct system, which is composed of the distal portionsin the proximal tubular nephron segments.
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of the CCD, and the outer medullary collecting duct line activates both a cAMP-dependent (increase in baso-
(OMCD) and IMCD, respectively. In the medullary col- lateral Cl2/HCO23 exchange) and a cAMP-independent
lecting duct, we also detected some b2-AR, but failed to cellular signaling pathway (increase in apical H1-ATPase
detect this receptor subtype in the CCD. This observa- activity), which resulted in increased luminal H1 secre-
tion seems to disagree with a previous study demonstra- tion. Our study revealed that in rats the b1-AR subtype
ting equal amounts of b1- and b2-AR–specific mRNA was clearly restricted to the acid-excreting type A inter-
in microdissected tissue samples of rat CCD [11]. The calated cells, suggesting that b-adrenergic stimulation of
discrepancy may be due to contaminations of the isolated acid secretion in the collecting duct is mediated through
CCD fragments used for RT-PCR with small vessels this receptor subtype. Besides the b1-AR subtype, a faint
and/or capillaries rich in b2-AR. Discrepancies between amount of b2-AR in the medullary portions of the collect-
mRNA and protein levels might also arise from differen- ing duct was detected, with an apparent higher expres-
tial translation and/or protein turnover of b1- and b2-AR sion of this receptor subtype in the IMCD. Corresponding
in the collecting duct. Finally, it should be noted that data were obtained by Yasuda et al, who demonstrated
similar PCR studies carried out on CCD of hamster [50] expression of both functional b1-AR and, to a lesserand rat kidney [9] failed to detect significant levels of extent, b2-AR in the initial and terminal portions of ratb2-AR specific mRNA. IMCD [67].
Until recently, the only well-established catecholamine
actions in the collecting duct were derived from func- Pharmacological considerations
tional studies on the rabbit. In these studies, b-adrenergic
One striking feature in this study is that an importantagonists were shown to decrease the transepithelial
fraction of the b-AR expressed in the tubular cells ofpotential difference [59], to inhibit K1 secretion [60],
the nephron and in the intercalated cells of the collectingand to stimulate Cl2/HCO23 exchange and Cl2/Cl2 self-
duct system is located apically (in addition to the pre-exchange [61] in a cAMP-dependent manner. In addition,
dicted basolateral location) and thus is likely to be ex-it was suggested that isoprenaline increases HCO23 excre-
posed to the tubular luminal fluid. Implications of thistion into the tubular fluid through stimulation of b1-AR
peculiar orientation for the delivery of the endogenous[62]. All of these processes are thought to occur in type
ligands have already been discussed. However, oneB intercalated cells, which are more abundant in rabbit
should also consider implications for the systemic admin-than in rat CCD [35, 63]. In the rat, little is known
istration of synthetic b-AR agonists and antagonists.about the b-adrenergic control of this particular nephron
segment. Here, we show a high expression of the b1-AR Such considerations apply particularly to b1-selective an-
subtype in rat CCD. The receptors are predominantly tagonists of the first and second generations, such as
localized on intercalated (rather than principal) CCD metoprolol and bisoprolol, which are standard agents in
cells, including both the band 3-positive type A and very the treatment of hypertension, coronary heart disease,
probably also the band 3-negative type B intercalated and heart failure [68, 69]. Although a majority of these
cells. Thus, in conjunction with functional data derived water-soluble drugs are metabolized to inactive metabo-
from the rabbit, our immunohistochemical results indi- lites, up to 50% of an oral dose of bisoprolol (and about
cate that in rat CCD, the b-adrenergic system might be 3% in the case of metoprolol) is eliminated via the kid-
involved in the regulation of both the acid-excreting type neys as an unchanged substance [24]. It is likely that
A and the base-excreting type B intercalated cells. such agents will exert pharmacological effects during
their passage through the nephron. For instance, theyb1-Adrenergic control of acid excretion in the
could block b1-AR at the macula densa, in distal tubularmedullary collecting duct
epithelia, or in type A intercalated cells of the collecting
The OMCD has been shown to be an important site
duct and thus inhibit renin secretion, NaCl reabsorption,for urine acidification, whereas the IMCD is known to
and also urine acidification. Such pharmacological effectsrepresent the site of final adjustment of the urine compo-
have, to our knowledge, not been taken into consider-sition. The numbers of intercalated cells in these segments
ation when using these compounds in clinical practiceare less than in the CCD, but they are all acid-excreting
because the expression of b-AR at the luminal surfacestype A cells (identified by H1-ATPase in the apical, and
of the nephron has not been known. In light of a recentband 3 protein in the basolateral membrane) [33]. In
report on the effects of metoprolol on renal NaCl han-the rabbit, there is increasing evidence that b-ARs are
dling in an experimental rat model of chronic heart fail-critically involved in regulating OMCD function [64, 65]
ure [70] and the data presented here, it is tempting toand particularly in regulating the secretion of H1 into the
speculate how the pharmacological potential of b-recep-tubular fluid. Recently, those studies were extended by
tor antagonists in tubular luminal fluid could be exploitedManger, Pappas and Koeppen [66], who demonstrated
that in cultured rabbit type A intercalated cells isoprena- further in therapy.
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